Hormone replacement therapy and selective estrogen receptor modulators have been controversial treatment options for postmenopausal women because of their potential health benefits and/or risks. In this study, we determine the effects of the hormonally active compounds, conjugated equine estrogens (CEE), medroxyprogesterone acetate (MPA), CEE þ MPA, and tamoxifen (TAM) on the myometrium of ovariectomized macaques. Immunoexpression of estrogen receptor-a (ERa), progesterone receptor (PR), and Ki-67 in the myometrium is assessed. We found no significant difference in ERa myometrial expression in the CEE, MPA, and CEE þ MPA treatment groups, but there was a significant decrease in expression in animals administered TAM versus controls. Conjugated equine estrogen-, TAM-, and CEE þ MPA-treated animals had significantly increased expression of PR in myometrial cells and there was no difference in PR expression in cells from MPA-treated animals versus control animals. Myometrial cell proliferation did not significantly differ between the controls and any of the treatment groups, although normalized Ki-67 values were somewhat higher in the CEE and TAM groups. These data suggest that ERa and PR expression in the myometrium is influenced by treatment with hormonally active agents.
INTRODUCTION
Many women rely on hormone replacement therapy (HRT) to alleviate symptoms associated with menopause. There is controversy as to whether estrogenic compounds alone or in conjunction with progestins in HRT contribute to cancer of the endometrium (Lacey et al. 2005) or breast (U.S. Preventive Services Task Force 2005). Also of interest is the effect of tamoxifen (TAM), a synthetic antiestrogenic drug used to treat breast cancer, on the endometrium and myometrium. It has been documented that TAM acts as a partial estrogen agonist on the endometrium and its use may increase the proliferation of endometrial glands, often resulting in endometrial cancer (Bergman et al. 2000; Gielen et al. 2005; Ismail 1994; Kennedy et al. 1999) .
The myometrium is the uterine muscular layer and the site of origin for fibroids (uterine leiomyomas), the most common gynecological tumor of women in the United States (Flake et al. 2003) . It is generally speculated that ovarian hormones play a role in fibroid development, as this benign neoplasm reportedly occurs after menarche (Marshall et al. 1998) , may enlarge during pregnancy (Buttram and Reiter 1981) , and often regresses following menopause in women who do not take HRT (Flake et al. 2003; Polatti et al. 2000) . There is some debate as to whether treatment with HRT (Polatti et al. 2000; Ylostalo et al. 1996) or TAM (Ugwumadu and Harding 1994) affects the growth of existing fibroids in postmenopausal women or if they may, in fact, be responsible for their hormone-dependent development.
The structure and function of the uterus are highly influenced by the ovarian hormones estrogen and progesterone, which mediate much of their actions directly via specific estrogen receptors, ERa and b, (Kuiper et al. 1997 ) and progesterone receptors (PR) A and B, (Graham and Clarke 1997) , respectively. Estrogen receptors and PR mainly control myometrial function by regulating estrogen-and progesterone-responsive genes, respectively, that are responsible for uterine smooth muscle cell growth, maintenance of gestation, and preparation of the uterus for labor and birth (Hertelendy and Zakar 2004) . The significance of exogenous hormones on these specific receptors in the myometrium of postmenopausal women who take long-term HRT or TAM is poorly defined. However, there have been reports on the effects of hormonally active substances on ER and/or PR expression in the breast (Cline et al. 1998; Isaksson et al. 2003; Wood et al. 2004 ) and endometrium of ovariectomized macaques (Cline et al. 2001; Wang et al. 2002; Wang et al. 2003; Wood et al. 2004) , and more recently in the uterus and vagina of postmenopausal women treated for twenty-one days with various hormone therapies (Hanifi-Moghaddam et al. 2008) .
The ovariectomized macaque is an excellent animal model for studying reproductive health concerns in postmenopausal women, as the macaque is very similar to humans in regard to female reproductive biology. Endometrial hyperplasia/polyps (Baskin et al. 2002) and breast cancer (Uno 1997) have been identified in these animals. The focus of this work was to assess ERa and PR expression and myometrial cell proliferation in the ovariectomized macaque myometrium following long-term administration of conjugated equine estrogens (CEE), medroxyprogesterone acetate (MPA), CEE þ MPA, and TAM.
MATERIALS AND METHODS

Animals and Treatments
In a previously described study (Cline et al. 1998) , 115 adult female cynomolgus macaques (Macaca fascicularis) were imported from Indonesia to the United States. Bilateral ovariectomies were performed on all animals three months prior to treatment with hormonally active agents. The numbers of animals per treatment group were: CEE (n ¼ 25), MPA (n ¼ 19), CEE þ MPA (n ¼ 26), and TAM (n ¼ 25). The control ovariectomized (OVX) group consisted of untreated animals (n ¼ 20). The test compounds were administered daily for thirty-six months in the diet at doses equivalent on a caloric basis to 0.625 mg/woman for CEE, 2.5 mg/woman for MPA, and 20 mg/woman for TAM. Animals were housed in social groups of four to six macaques in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and the experimental protocols were approved by the Wake Forest University School of Medicine Animal Care and Use Committee. Animals in this study were part of a randomized long-term trial of hormonal therapies in aging females, including assessments of multiple organ systems; the main outcome was cardiovascular disease Williams et al. 1997) .
Tissue Collection and Processing
At the end of treatment, animals were euthanized by intravenous pentobarbital injection. Uteri were removed, sectioned, immersion-fixed in 4% paraformaldehyde, transferred after twenty-four hours to 70% ethanol, and processed in paraffin for histology. Five-micron-thick sections were cut, and the tissues were either stained with hematoxylin and eosin (H&E) for routine histopathology or used for immunohistochemistry.
Immunohistochemistry
Uterine sections were stained using a biotin-streptavidin staining method for the nuclear antigens, ERa, PR, and Ki-67. The primary mouse monoclonal antibodies NCL-ER-LH2 (Novacastra, Newcastle-upon-Tyne, UK) and NCL-PGR (Novacastra) were used for detection of ERa and PR (A and B proteins), respectively, and NCL-Ki-67 MM1 (Novacastra) was used to detect proliferating myometrial cells. The staining procedure used a streptavidin-biotin-alkaline phosphatase method modified for antigen retrieval from paraffin-embedded tissue by the method described by Cattoretti et al. (1992) . The chromogen used was VectorRed (Vector Laboratories, Burlingame, CA), and the immunostained sections were counterstained with hematoxylin. Staining was done in batches of twenty sections. Animals from different treatment groups were randomly placed within each staining batch. Each batch included known positive and negative controls, which were used to accept or reject the batch. All immunostaining was performed using strict standard operating procedures for all procedural steps including antigen retrieval, antibody dilution, incubation time, and chromogen development to minimize uncontrolled variation.
Steroid Hormone Receptor Quickscores
Immunohistochemical evaluation of ERa-and PR-labeled myometrial cells were determined using light microscopy (20Â objective) in a blinded manner. All myometrial cells per uterine section were evaluated. A semiquantitative assessment of the immunolabeling was done using a modified quickscore grading method (Detre et al. 1995) as previously described in the myometrium (Dixon et al. 2000) . Briefly, the quickscore was determined based on the intensity of the nuclear antibody label (0 ¼ no staining; 1 ¼ weak staining; 2 ¼ intermediate staining; and 3 ¼ strong staining) multiplied by the percentage of myometrial cell nuclei labeling positive for the particular hormone receptor (1 ¼ 0-4%; 2 ¼ 5-19%; 3 ¼ 20-39%; 4 ¼ 40-59%; 5 ¼ 60-79%; and 6 ¼ 80-100%). Estrogen receptor-a and PR quickscores were determined for each section of myometrium available per animal. For those animals in which there were two uterine sections, a mean quickscore was obtained. Nonspecific staining for ERa and PR antibody was occasionally present in the cytoplasm of some myometrial cells from animals in the control and treatment groups. This background staining was not included in the quickscore assessment. Following the evaluation, the quickscores were arranged per treatment group for statistical analysis. Vol. 39, No. 3, 2011 HORMONAL EFFECTS IN MACAQUE MYOMETRIUM
Ki-67
Owing to variations in myometria size per animal, a measurement of the myometrium was obtained using ImageJ (ImageJ v. 1.33u) public domain software. Ki-67-labeled slides were cleaned with an isopropanol solution and then scanned using the Aperio Scanscope T2 Scanner (Aperio Technologies, Inc., Vista, CA), which uses line scanning technology to capture high resolution, seamless digital images of glass slides. After scanning, the slides were viewed using Aperio Imagescope v. 6.25.0.1117 (Aperio Technologies), a digital slide-viewing program. Aperio Imagescope captured images of each uterine section. In a few instances, images were not available for scanning, as the section of uterus was too thick or there was interference by the coverslip. The numbers of animals per group for the Ki-67 evaluation were: CEE, n ¼ 22; MPA, n ¼ 17; CEE þ MPA, n ¼ 24; TAM, n ¼ 23; and OVX (n ¼ 20).
Area measurements (mm 2 ) of the myometria were taken using the freehand selection tool to trace the myometrium from the adjacent endometrium. Measurements were calibrated by drawing a straight line across a region of the uterus that corresponded to a known distance using a scale bar.
The entire section of myometrium for each animal was evaluated histologically to determine whether myometrial cell proliferation was present in any treatment group. Ki-67-positive myometrial cell nuclei were assessed using light microscopy (40Â objective) in a blinded manner. The number of Ki-67-positive myometrial cell nuclei per animal was recorded. For animals in which there were two uterine sections, an average of the number of Ki-67-positive myometrial cell nuclei and an average of the size of the myometrium was used. Following the evaluation, the uterine measurements and number of Ki-67-positive nuclei were arranged per treatment group for statistical analysis.
Statistical Analysis
For ERa and PR quickscore comparisons of myometrial cell expression, the Mann-Whitney U test with a two-sided p-value was used to compare the mean quickscore for the treatment group versus control group for each hormone receptor.
For evaluating cell proliferation in the myometrium, the number of Ki-67-positive myometrial cell nuclei was divided by the measurement of the myometrium to get a normalized value. The Mann-Whitney U test with a two-sided p-value was used to compare the normalized value means for each treatment group to the control group.
RESULTS
Histology
All H&E-stained myometria were within normal limits for all groups and characterized by smooth muscle layers composed of interlacing bundles of slender to plump myometrial cells with elongated nuclei surrounding prominent vasculature and supported by dense connective tissue. There was no evidence of hyperplasia or neoplasia in any of the myometrial sections examined.
Steroid Hormone Receptor Immunohistochemistry
ERa: ERa was expressed in the nuclei of myometrial cells from OVX-control ( Figure 1A) ; CEE-treated ( Figure 1B) ; MPA-treated ( Figure 1C) ; TAM-treated ( Figure 1D) ; and CEE þ MPA-treated ( Figure 1E ) animals. Myometrial ERa expression was significantly (p < .001) decreased in the TAM-treated group compared to the control group based on the mean quickscores ( Figure 1F ). Myometrial ERa expression was also lower in the other treatment groups compared to the control group, but these differences were not statistically significant.
PR: PR was expressed in the nuclei of myometrial cells from OVX-control ( Figure 2A) ; CEE-treated ( Figure 2B) ; MPA-treated ( Figure 2C) ; TAM-treated ( Figure 2D) ; and CEE þ MPA-treated ( Figure 2E ) animals. There were statistically significant (p < .01) increases in expression of PR in myometrial cells from CEE-, TAM-, and CEE þ MPA-treated animals when compared to controls ( Figure 2F ). However, this increase was not observed in MPA-treated animals ( Figure 2F ).
Cell Proliferation Marker Immunohistochemistry
Ki-67: There were few Ki-67-positive myometrial cell nuclei in uterine sections from control (OVX) and treated (CEE, MPA, TAM, and CEE þ MPA) animals. Ki-67-positive cells were randomly scattered throughout the myometrium and not localized to any particular region. Though not statistically significant at p < .05, normalized Ki-67 values in CEE-treated and TAM-treated animals were higher than in controls and normalized Ki-67 values in MPA-treated and CEE þ MPA-treated animals were lower than in controls (Figure 3 ).
DISCUSSION
In this study, the expression of the steroid hormone receptors, ERa and PR, and of a marker of proliferation Ki-67 was assessed in the myometrium of ovariectomized macaques following administration of hormonally active compounds similar to those used in HRT (CEE, MPA, or CEE þ MPA) or for treatment of breast cancer (TAM) in women. ERb was not evaluated owing to its reported low expression levels in the nonpregnant myometrium compared to ERa (Andersen 2000) . Our results demonstrated that TAM significantly decreased ERa expression in the myometrium when compared to controls, although lower immunoexpression patterns of ERa were observed in the myometrium of animals in the other treatment groups. These data also indicate that ERa is constitutively expressed in the absence of ovarian hormonal stimulation. This result correlates to previous findings in which ERa was immunolocalized in myometrial cell nuclei of control immature OVX Sprague-Dawley rats (Nephew et al. 2000) and in sexually mature control OVX inbred Wistar-derived rats (Varayoud et al. 2005 ). In addition, constitutive ERa expression Estrogen receptor-a quickscore means were decreased in animals treated with CEE (an estrogen receptor agonist), MPA (a PR agonist), and CEE þ MPA, although not significantly from FIGURE 1.-Estrogen receptor-a (ER-a). Immunohistochemistry. Nuclear staining (arrowheads) in myometrial cells from (A) an ovariectomized (OVX)-control animal, quickscore = 15; (B) a conjugated equine estrogens (CEE)-treated animal, quickscore = 6; (C) a medroxyprogesterone acetate-treated animal, quickscore = 4; (D) a tamoxifen (TAM)-treated animal, quickscore = 0; and (E) a CEE + MPA-treated animal, quickscore = 6. Quickscore graph (F). Note the high nuclear expression of ER-a in OVX-control animals when compared to all treatment groups and the significantly decreased expression of ER-a in myometrial cells from TAM-treated animals. Vol. 39, No. 3, 2011 HORMONAL EFFECTS IN MACAQUE MYOMETRIUM 511 controls in our study. These results differ from those of postmenopausal women in which increased expression of myometrial ERa was observed following one-dose administration of estradiol dipropionate (Sakaguchi et al. 2003) . We hypothesize that this difference may be associated with lower endogenous estrogen concentrations in OVX macaques compared to varying levels of estrogen in postmenopausal women; however, it may also be related to the single dose of estradiol dipropionate given to the postmenopausal women as opposed to daily hormone administration in the macaques for three years. Progesterone derivatives such as levonorgestrel and MPA have been found to downregulate ERa in the endometrial glands and stroma of women with endometrial hyperplasia (Vereide et al. 2006) . Similarly, OVX rats administered progesterone alone demonstrated downregulation of ERa in the luminal epithelium of the endometrium and in the myometrium (Varayoud et al. 2005) . The combination of 17-b estradiol (E2) and progesterone in these OVX rats slightly downregulated myometrial ERa protein expression. We report a similar finding, as there was slight downregulation of ERa in the myometrium of macaques that received CEE þ MPA. This result supports the theory that ERa expression is cell-type specific (Flouriot et al. 1998 ) and most likely species specific (Curtis et al. 1997) .
In this study, TAM significantly decreased the expression of ERa in the macaque myometrium. TAM is known to function as a partial estrogen agonist in human endometrium (Daniel et al. 1996) and as an estrogen antagonist in the breast (Deroo and Korach 2006) . Our findings show that TAM can bind to ERa and downregulate it, suggesting that TAM may be a potential estrogen agonist in the myometrium of OVX macaques. These findings may help explain the reported cases of uterine leiomyosarcoma development in women treated for breast cancer with TAM (Botsis et al. 2006; Deligdisch 2000; McCluggage et al. 1996) , as endometrial malignancies in this population of women have been well documented (Cohen et al. 1999; Swerdlow and Jones 2005) .
Progesterone receptor expression in the myometrium of animals treated with CEE, TAM, and CEE þ MPA was significantly increased when compared to control animals in this study. This finding indicates that PR expression is most likely estrogen induced in animals treated with these compounds. It is well known that E 2 can upregulate PR in human breast cancer cells (Eckert and Katzenellenbogen 1982) and that CEE administration increases PR expression in the mammary gland of ovariectomized macaques (Cline et al. 1998) . Also, E 2 has also been shown to increase progestin binding in the myometrium of immature rats (Ennis and Stumpf 1988) . Treatment with E 2 increased PR expression in rat myometrial cells (Sahlin et al. 2006 ). In our study, MPA administration did not alter PR expression in the myometrium when compared to PR expression in OVX controls.
Results from our study show that myometrial cell proliferation was not significantly enhanced by treatment with hormonally active agents. There were higher normalized Ki-67 values in the myometria of CEE-treated and TAM-treated animals when compared to controls. Conversely, there were decreased normalized Ki-67 values from MPA and CEE þ MPA-treated animals when compared to controls. Myometrial cell proliferation has been reported to occur in postmenopausal women receiving E 2, and E 2 þ MPA treatments for twenty-one days (Hanifi-Moghaddam et al. 2008) . Similarly, in our study, normalized Ki-67 values were increased in macaques receiving CEE. However, these values were decreased in animals receiving both estrogen and progesterone-like compounds (CEE þ MPA), indicating a potential difference in macaque and human myometrial cell proliferation sensitivity to various hormones. Alternatively, decreased proliferative activity observed in the myometrium following treatment with MPA alone or in combination with CEE may provide insight into a mechanism for decreased endometrial cancer observed in women on combined oral contraceptives (Kiley and Hammond 2007) .
Our findings suggest that ovarian hormone receptors in the myometrium are independently influenced by hormonally active compounds used in HRT or to treat breast cancer, as evidenced by the varying expressions of ERa and PR in myometrial cells compared to reported responses in the endometrial compartment (Cline et al. 2001; Habiba et al. 2000; Mourits et al. 2002) . The responses of the uterus to HRT and TAM appear to be cell type specific. The effects of these agents on the macaque myometrium may provide useful information concerning potential myometrial pathology in postmenopausal women who consume these compounds.
